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There  have  been  several  ellipsometric  studies  (1-8)  of  the  passive  film 
formed  on  iron  in  near-neutral  solutions.  These  investigations  have  shown  ( 

that  the  film  thickness  is  directly  proportional  to  the  applied  potential 
and  that  film  growth  can  be  described  equally  well  by  either  inverse 
logarithmic  or  logarithmic  kinetics.  Thus,  it  has  not  been  possible  to 
identify  the  model  which  represents  the  growth  of  this  film  from  existing 
results.  This  investigation  was  undertaken  to  assess  pcssible  distinguishing  \ 

features  which  might  corroborate  one  of  the  proposed  models  for  film  growth. 

This  was  approached  by  measuring  the  temperature  dependence  of  film  thickening. 

In  order  to  correlate  with  the  experimental  data  we  review  briefly  here 
the  four  major  models  for  interpreting  film  growth  on  metal  surfaces.  The 
first  of  these  is  the  inverse  logarthmic  model  proposed  by  Mott  and  Cabrera  (9). 

This  model  assumes  field  assisted  cation  diffusion  according  to  which  the 
potential  drop,  V,  across  the  film  remains  constant  while  the  field,  V/X, 
decreases  as  the  film  thickens.  The  rate  determining  step  is  assumed  to  be 
the  surmounting  of  the  potential  barrier,  W,  between  the  metal -oxide 
interface.  The  rate  of  film  growth  is  given  by  the  expression 

= uQ  exp  (aaV  - W)/kT  (1) 

where 

uQ  = Na4v;  (2) 

N is  the  number  of  mobile  ions  per  unit  volume  of  oxide;  a is  the  jump  distance; 
q is  the  charge  on  the  ion,  W is  the  activation  energy;  v is  the  phonon 
frequency.  If  the  absolute  reaction  rate  theory  is  used,  v = (kT/h).  Mott 
and  Cabrera  give  an  approximate  Integration  of  equation  (1)  as 
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1/x  = qaVln  qaVu7  + qaV  " IjSV  lnt 


(3a) 


1/x  = A - B lnt  (3b) 

The  quantity,  x., , is  the  average  film  thickness  over  the  range  considered. 

Recently,  Ghez  (10)  has  examined  the  integration  of  equation  (1). 
According  to  his  results  the  inverse  logarithmic  kinetic  expression  der-’ved 
by  Mott  and  Cabrera  is  not  an  asymptotic  solution  to  this  equation.  Mis  basic 
objection  is  the  approximation  of  X by  X^.  He  obtains  as  a solution  the 
expression 

kT  , kT  . W ' kT  t + *o 

In  —j-  (4a) 


i/*  = kT  kT  + w ’ 

1/x  ^iVln  ^iW0  + w 


kT 

qaV 


or 


1/x  = A1  - B‘  In 


t + to 
~2 


(4b) 


Sato  and  Cohen  (11)  have  proposed  a model  which  rationalizes  logarithmic 
kinetics.  According  to  their  suggestion,  film  growth  proceeds  by  the  field 
assisted  ,^1  ace-exchange  of  metal-oxygen  pairs.  All  such  pairs  in  a given 
row  normal  the  surface  are  assumed  to  exchange  places  simultaneously. 

This  model  gives  a growth  rate 


dx  ? _ F V xVio 

3t  2 &|T)  exp  W ' ^Rl 


which  integrates  to 

v _ avRT  , Moa  , avFV 

X ~ 1n  avRT  + 

Q 0 


avRT 


In  (tQ  + t) 


or 


X = C + D log  (t  + tQ) 


(5) 


(6a) 


(6b) 


where  a Is  the  lattice  constant,  v the  stoichiometric  number,  WQ  the 
chemical  potential  between  a cation  in  the  activated  state  and  the  normal 
state  in  any  lattice  layer,  and 


2 


L 


[! 


a (T)  = eT  exp  6/T 


(7) 


Here  8 and  6 are  constants  Independent  of  potential  and  temperature. 

Fehlner  and  Mott  (12)  have  described  logarithmic  growth  differently. 

They  suggest  that  the  structure  of  the  film  changes  with  thickness  so  that 
the  potential  drop  across  the  film  Increases  as  the  film  thickens  In  such 
a way  *kat  the  field  remains  constant.  With  this  assumption  the  activation 
energy  is  of  the  form  WQ  + yx;  therefore, 

$r  = A exp  [-(WQ  + yx)/kT]  (8) 

and 

x = kT/y  In  yA/kT  - Wo/y  + kT/y  In  (t  + tQ)  (9a) 

x = C + D log  (t  + tQ)  (9b) 

In  the  results  reported  here  we  have  determined  the  thickness  of  the 
passive  films  on  iron  as  a function  of  time,  potential  and  temperature  using 
ellipsometry.  The  results  have  been  analyzed  in  terms  of  the  above  three 
models  of  film  growth. 

EXPERIMENTAL 

A schematic  diagram  of  the  cell  used  is  shown  in  Figure  1.  This  was  a 
double-walled  glass  vessel  having  optically  flat  pyrex  windows  and  a capacity 
of  500  ml.  The  cell  consisted  of  a Luggln  capillary  leading  through  a 
wetted,  closed  stop-cock  to  a saturated  calomel  reference  electrode.  The 
temperature  of  the  solution  was  measured  by  a thermometer  positioned  2 cm 
from  the  sample.  Temperature  control  was  maintained  by  circulating  ethylene 
glycol  through  the  jacket.  The  cell  was  connected  to  a double-walled  2 liter 
reservoir  where  the  electrolyte  was  deaerated  by  bubbling  with  prepurified 
helium;  the  temperature  of  the  solution  was  raised  or  lowered  as  desired 
before  It  was  admitted  to  the  cell. 
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The  iron  specimen  was  a 99.99%  zone  refined  rod  with  a threaded  hole 

for  the  electrical  connection.  It  was  mounted  in  a teflon  holder  and  had 

2 

an  exposed  area  of  0.32  cm. 

j 

The  solution  used  was  an  equi volume  mixture  of  0.1 5N  H.jB03  and  0.1 5N 
NagE^O?  (pH  8.7).  Measurements  were  made  at  0,  20,  35,  50,  and  80°C.  The 
solutions  were  deaerated  by  bubbling  prepurified  helium  for  at  least  24  hours. 

The  ellipsometer  was  a Rudolph  & Sons,  Type  43603-200E.  A Keithley 
model  4145  picoammeter  was  used  to  measure  the  output  from  the  photomultiplier 

O j 

tube  (RCA  1P21).  All  measurements  were  made  using  the  5461  A mercury  green 

j 

line. 

Before  placing  the  sample  in  the  cell,  it  was  mechanically  polished  to 

a 1/4  ym  finish  using  diamond  paste.  The  specimen  was  then  clearned,  degreased, 

and  electropolished  in  a solution  consisting  of  20  parts  glacial  acetic  acid 

to  one  part  20%  perchloric  acid.  Next  the  sample  was  washed  with  double  distilled  ! 

water  and  then  with  reagent  grade  methanol,  dried  and  placed  in  the  cell.  j 

The  specimen  was  first  cathodically  reduced  at  a constant  current  density 
2 

of  40yA/cm  . Cathodic  reduction  was  continued  until  the  optical  constants  of 

the  film- free  surface  were  obtained.  The  passive  film  was  then  formed  | 

potentiostatically  by  switching  directly  from  the  cathodic  potential  (approximately  ] 

-1.0  V SCE)  to  the  desired  potential  in  the  passive  region.  The  sample  was 

polarized  approximately  one  hour  at  each  potential;  measurements  of  the 

ellipsometric  parameters  were  made  at  10  minute  intervals.  This  procedure  was 

repeated  3-5  times  at  each  potential . 

The  optical  constants  obtained  for  the  film  free  surface  are  in  satisfactory 
agreement  with  those  found  by  others  as  shown  in  Table  1.  These  values 
also  compare  favorably  with  those  measured  by  Yolken  and  Kruger  (13)  for  a 
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film  free  surface  In  an  ultra-high  vacuum. 


A cathodic  current  density  of  40yA/cm  was  used  to  reduce  the  film 
since  at  this  current  density  It  could  be  removed  within  10-15  minutes. 

The  final  potential  attained  was  close  to  that  established  by  others  (6,7,8) 
for  this  system  as  "the  optical  reference  state". 

It  was  found  to  be  unnecessary  to  change  the  solution  after  cathodic 
reduction  in  order  to  avoid  the  effects  of  ferrous  ions.  Several  measurements 
were  made  following  the  procedure  of  replacing  the  solution  after  reduction, 
excluding  oxygen,  while  maintaining  the  surface  at  the  reduction  potential. 

The  steady  state  results  were  the  same  as  those  for  the  unrefreshed  solution. 

RESULTS 

The  current-potential  curves  for  iron  exposed  to  the  borate  buffer 
solutions  with  the  range  of  temperatures  0-80°C  are  shown  in  Figure  2.  These 
curves  were  obtained  by  scanning  at  a rate  of  20  mV/min.  There  was  no 
measureable  change  in  pH  over  this  temperature  range. 

The  optical  constants  of  the  film  were  determined  using  the  first  order 
approximation  of  the  ratio  of  the  Fresnel  reflection  coefficients  (16).  Thus, 

o 

If  the  film  thickness  is  less  than  50-100  A,  the  change  in  both  of  the 
elllpsometrlc  parameters  6A  and  <5^  is  directly  proportional  to  the  thickness. 

This  implies  that  «a  and  are  related  linearally.  The  aa  vs  6i|>  curve  for  films 

formed  at  20°C  is  given  in  Figure  3.  This  is  the  least  squares  curve  and 
was  found  to  be  linear  at  the  95  per  cent  confidence  level  by  the  F ratio  test. 
The  standard  deviation  of  the  slope  was  4.6%.  It  is  not  possible  to  obtain 
unique  values  for  the  optical  constants  using  this  curve.  This  Is  one  of 
the  Inherent  problems  associated  with  the  elllpsometrlc  technique  when  working 
with  semiconducting  films  of  unknown  thicknesses.  The  difficulty  arises 
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F1gure  3.  The  6^  and  la  values  for  the  anodic  oxidation  of  Fe  in  a 
pH  8.7  borate  buffer  solution  at  20°C. 
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since  there  are  three  unknowns  (the  thickness,  the  index  of  refraction, 

and  the  absorption  coefficient),  and  only  two  experimental  parameters, 

a and  ip.  Accordingly,  the  real  part  of  the  refractive  index  was  assumed  1 

to  be  2.6  and  the  imaginary  part  was  determined  by  fittina  a theoretical  -5 

curve,  which  was  calculated  using  the  exact  equations  (17),  to  tha  least 

squares  curve.  The  curve  which  gave  the  best  fit  corresponded  to  the  I 

optical  constants  2.6  (1-0. 19i) . As  shown  in  Table  1 these  optical  constants 

are  in  good  agreement  with  those  rationalized  by  others  at  room  temperature. 

4 

I 


J 


Table  1 Optical  Constants  of  Iron  and  Iron  Oxides 


r)2  = n ( 1 - 1 k ) 

Room  Temperature 

Source 

Material 

n k 

Kruger  and  Yolren  ^ 

Fe 

3.35 

1.15 

2 

Ord  and  Desmet 

Fe 

3.50 

1.05 

3 

Sato  and  Kudo 

Fe 

3.18 

1.21 

Present  Work 

Fe 

3.21-0. 02 

1 .26-0.02 

14 

Winterbottom 

Fe3°4 

2.50 

0.12 

1 5 

Bockris  et.al. 

Fe3°4 

2.39 

0.104 

Winterbottom 

«-Fe2°3 

3.42 

0.309 

15 

Bockris  et.al . 

"Fe2°3 

2.88 

0.131 

Kruger  and  Calvert  1 

Anodic  Film  on  Fe 
(room  temperature) 

2.50 

0.12 

2 

Ord  and  Desmet 

Anodic  Film  on  Fe 
(room  temperature) 

2.60 

0.15 

3 

Sato  and  Kudo 

Anodic  Film  on  Fe 
(room  temperature) 

2.55 

0.137 

i 
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The  same  procedure  was  used  to  find  the  optical  constants  at  each 
temperature.  A minimum  of  seventy  points  was  used  to  obtain  each  curve. 
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The  standard  deviations  in  the  slope  of  the  6<j>  vs.  6a  curves  ranged  from  2.2% 
for  35°  to  7.8%  for  80°.  The  values  of  the  optical  constants  for  each 
temperature  are  given  in  Table  2.  All  are  the  same  within  error  except  those 
determined  for  films  formed  at  0 and  35°C.  The  imaginary  parts  of  the  optical 
constants  for  these  films  are  substantially  smaller  than  those  formed  at 
other  temperatures. 

The  least  squares  curves  of  the  reciprocal  of  the  film  thickness  vs. 

2 

log  t and  log  t/x  and  the  film  thickness  vs.  log  t are  shown  in  Figures  4, 

5,  and  6.  Plots  are  given  as  a function  of  potential  for  films  formed  in 
solutions  at  0,  35,  50,  and  80°C.  Results  were  also  obtained  at  20°C 
but  are  not  shown.  Each  of  these  curves  were  found  to  be  linear  well  within 
the  95%  confidence  level  using  the  F ratio  test.  The  confidence  level  of 
the  fit  was  approximately  the  same  for  all  three  models. 

Table  3 gives  the  values  of  the  constants 
A,  B,  A',  B',  C and  D where 

1/x  = A - B lnt  (8) 

1/x  = A'  - B'  In  t/x2  (9) 

and 

x = C + D lnt  (10) 

The  quantity  1/B  vs.  potential  is  plotted  in  Figure  7 and  1/B'  vs. 
potential  in  Figure  8.  These  show  that  B and  B'  are  directly  proportional 
to  potential  and  that  the  proportionality  constant,  m,  (the  slope),  is 
temperature  dependent.  There  Is  some  scatter  In  these  results;  nevertheless, 
the  least  squares  analysis  Indicates  that  the  correlation  for  the  set  of 
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Table  2 Optical  Constants  of  Anodic  Film 


n2  = n (1  - Ik) 

Temperature  °C 

n 

k 

0 

2.60 

0.04 

20 

2.60 

0.19 

35 

2.60 

0.07 

50 

2.60 

0.20 

80 

2.60 

0.20 

12 


15 


a/3oi 


Potential  in  Volts  (SCE) 


Figure  7.  The  reciprocal  of  the  rate  constant  B vs.  applied  potential. 
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data  for  each  temperature  Is  linear  at  the  95  per  cent  confidence  level. 

The  results  of  Figure  9 show  the  slopes  of  the  curves  in  Figure  7 and 
8,  m^.  A least  squares  analysis  of  the  data  gives  a linear  relationship. 

This  Is  In  accordance  with  equations  3 and  4,  i.e., 

B - B'  = kT/qaV  (10) 

These  correlations  show  that  B and  B'  are  Inversely  proportional 

to  V and  directly  proportional  to  T in  agreement  with  the  Mott-Cabrera  model. 

It  should  be  pointed  out  that  the  applied  electrochemical  potential, 
which  is  that  given  in  Figures  7 and  8,  Is  not  the  potential  drop,  V,  across 
the  film.  However,  it  differs  from  V only  by  an  additive  constant.  Thus, 
the  only  effect  of  plotting  the  electrochemical  potential  Instead  of  V is  a 
shift  in  the  axis.  This  assumes  that  the  potential  across  the  double 
layer  remains  constant. 

The  jump  distance,  a,  was  calculated  using  the  slopes  In  Figure  7 and 
8 since  m^  = kT/qa.  These  values  are  given  in  Table  4.  Figure  10  shows 
that  the  jump  distance  as  determined  using  Inverse  logarithmic  kinetics  as 
well  as  a'  from  the  modified  Inverse  logarthmlc  kinetic  model  decreases  linearly 
with  temperature. 

Figure  11  and  12  show  that  A and  A1  are  linearly  related  to  the  Inverse 

of  the  potential  with  a temperature  dependent  slope,  m0.  This  potential 

L o 

x ckT 

dependence  is  in  accordance  with  equations  3a  and  4a  since  In  1 
is  a slowly  varying  function  of  T and  V over  the  ranges  considered.  The 
temperature  dependence  of  the  slopes,  mg,  is  shown  to  be  linearly  related 
to  the  temperature  in  Figure  13.  This  indicates  that  A and  A'  are  directly 
proportional  to  the  temperature. 

The  constant  0 appears  to  behave  in  a random  fashion  with  potential; 

18 
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Temperature,  °K 
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Figure  10.  The  values  of  the  jump  distance  as  a function  of  temperature. 
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rf  '*  in  Volts 


Figure  12.  Plots  of  the  rate  constant  A'  vs.  the  reciprocal  of  the 
overpotential . 
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Figure  13.  The  change  in  slope  with  temperature  of  the  A and  A'  vs 


1/T  '.urves. 
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therefore,  it  was  assumed  to  be  potential  Independent.  The  average  values 
are  given  In  Table  3.  Figure  14  indicates  that  D gives  a good  linear 
correlation  with  temperature.  This  is  in  accordance  with  the  constant  field 

O 

model.  From  the  slope  the  value  9.42  X 10  is  obtained  for  i . 


The  Sato-Cohen  model  gives  D as, 
g _ avRT 


01) 


t 1 

1 i 


where  WQ,  the  activation  energy,  is  split  into  an  enthalpy  aHq  and  an 
entrophy  aSq  term  (8,  18) 


Thus 


D = 


aHq  - TaS 


(12a) 


or 


AH. 


1/D  = 


ASo 

a,,P 


avRT  " (12b) 

Figure  15  shows  that  1/D  is  proportional  to  1/T. 

The  constant  C is  proportional  to  the  potential  as  shown  in  Figure  16. 


From  equations  6a  and  6b  the  slopes  of  Figure  16  are  given  by 


m- 


avF 


(13a) 


or 


AH„ 

1/m3  " avT 


TaS. 


avF  * (13b) 

Figure  17  shows  that  l/m3  is  proportional  to  T In  accordance  with  the 
Sato-Cohen  model.  Also  from  6a  and  6b  the  intercepts  of  Figure  16  are  a 
function  of  temperature; 


or 


^ _ 2a^P.T  „ 

b - ^ K, 


AHn  -i  aS 
i /u  - 0 I 0 

1/b  _ 2?snrr  t - vrw  • 


(14a) 


(14b) 
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Table  3 Constants  for  the  Film  Growth  Models 


0 

mV(SCE)  A (A-1) 

BX103  (A-1 

) A' (A-1) 

B ‘ (A-1 ) 

C (A) 

D(A) 

w T 

M 

.. 

0°C 

D*v=  '•<»* 

ii 

-100 

0.0668 

2.96 

0.0492 

3.24 

11.8 

0.82 

ii 

100 

0.0508 

1.70 

0.0399 

1.84 

19.5 

0.78 

11 

300 

0.0426 

1.38 

0.0292 

1.81 

25.4 

1.39 

500 

0.0325 

0.92 

0.0265 

0.981 

30.7 

0.89 

r 

700 

0.0321 

1.07 

0.0243 

1.12 

31.0 

1.20 

r i 

900 

0.0280 

0.826 

0.0226 

0.895 

35.5 

1.22 

Ii 

20°C 

Dav  - 1 .04 

. * 

-100 

0.0611 

4.12 

0.0531 

1.31 

15.8 

1.56 

t 

h 

100 

0.0450 

1.73 

0.0334 

1.89 

22.0 

1.00 

1 1 

300 

0.0383 

1.15 

0.0306 

1.19 

26.1 

0.82 

il 

500 

0.0382 

1.21 

0.0297 

1.30 

26.0 

0.95 

; T 

700 

0.0271 

0.817 

0.0210 

0.844 

37.7 

1.26 

* * 

900 

0.0243 

0.743 

0.0187 

0.746 

41.0 

1.30 

• * 

35°C 

Dav=  1.04 

-100 

0.0537 

2.93 

0.0347 

3.15 

18.3 

1.32 

" 

100 

0.0405 

1.57 

0.0298 

1.62 

24.6 

1.10 

300 

0.0340 

1.22 

0.0252 

1.28 

29.2 

1.25 

500 

0.0326 

1.38 

0.0223 

1.50 

30.3 

1.60 

-- 

700 

0.0281 

1.01 

0.0199 

1.20 

34.9 

1.63 

• • 

900 

0.0249 

0.839 

0.0183 

0.903 

39.8 

1.60 
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Figure  15.  The  relationship  between  the  reciprocal  of  Dau  and  the 

oV 


reciprocal  of  temperature. 
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The  Intercepts  1/b  are  linearly  related  to  1/T  as  shown  in  Figure  18.  This 
assumes  that  K is  a slowly  varying  function  of  T. 

DISCUSSION 
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These  results  have  shown  that  the  dual  nature  of  the  growth  kinetics 

of  passive  films  on  iron  observed  by  others  at  room  temperature  (1,4)  in 

borate  solutions  also  apply  over  the  temperature  range  from  the  near  freezing 

point  to  the  near  boiling  point  of  the  solution.  In  addition,  plots  of  the 

2 

inverse  thickness  vs.  log  t/x  also  give  straight  lines  over  the  potential 
and  temperature  ranges  considered.  However,  it  should  be  pointed  out  that 
it  is  not  possible  to  determine  which  type  of  kinetics  is  applicable  by 
merely  plotting  a graph  when  the  film  thickness  varies  over  a small  range 
of  values.  This  can  be  illustrated  by  eliminating  the  logarithmic  terms  of 
equations  3b  and  6b  giving 
1/A  - X _ C - D 

m B ’ (15) 

Thus 

1/A  = C (16) 

and 

BX/A  « D (17) 

if  the  change  in  X is  small.  In  the  same  manner  it  can  be  shown  that 
B = B‘  (18) 

and 

A - A*  - | In  X2  (19) 

for  small  changes  in  X. 

The  temperature  and  potential  dependencies  of  the  time  independent 
constants  B and  B'  were  found  to  be  consistent  with  the  Mott-Cabrera  and 
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modified  Mott-Cabr$ra  kinetics  respectively,  i.e,,  directly  proportional 
to  temperature  and  inversely  proportional  to  potential.  In  addition,  the 
jump  distance,  a,  was  found  to  vary  linearly  with  temperature  such  that 
a = 25.7  - 0.0633T  (20a) 

in  the  case  of  the  Mott-Cabrera  model  and 

a’  = 19.2-0.0462T  (20b) 

for  the  modified  Mott-Cabrera  model.  Thus,  expressing  a as  aQ  - pT,  the 
constants  B and  B'  take  the  form 

B°B'  = Wg8|a;--T0V  *C1  (T>  <21> 

The  values  for  the  jump  distance,  a,  are  quite  large  below  100°C.  It  is 
difficult  to  explain  these  large  values  within  the  framework  of  the  assumptions 
of  Mott  and  Cabrera.  Kruger  and  Calvert  have  obtained  similar  values  for 
the  jump  distance  at  room  temperature  (1).  They  rationalized  their  results 
within  the  Mott-Cabrera  model  by  assuming  the  film  to  be  composed  of  two  layers 
with  only  the  outer  layer  capable  of  supporting  fields  of  sufficient 
strength  to  pull  cations  across  the  film.  They  assumed  that  the  actual 
value  of  the  jimp  distance  was  the  product  of  the  apparent  value  and  the 
fraction  of  the  film  which  was  non-conducting;  they  estimated  that  this  fraction 
was  approximately  1/3.  This  assumption  and  equation  20  lead  to  the  conclusion 
that  the  thickness  of  the  dielectric  outer  layer  increases  with  increase  in 
temperature.  However,  there  still  exists  an  inconsistency  since  there  is  a 
critical  temperature  at  which  the  jump  distance  becomes  zero.  These  temperatures 
are  406°K  and  457  ®K  for  equations  20a  and  20b  respectively. 

Both  the  Mott-Cabrera  and  the  modified  Mott-Cabrera  models  give 
additive  constants  A and  A'  respectively  which  are  inversely  proportional 
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to  potential  across  the  film  and  directly  proportional  to  temperature. 

However,  experimentally 

A = 1 (10.86  X 10-2  - 2.46T  X 10‘4)  + C2  (T)  (22a) 

A '=  1 (11.05  X 10'2  - 2.81T  X 10'4)  + C'2  (T)  (22b) 

where  the  overpotential  n has  been  defined  relative  to  the  corrosion  potential, 
-770  mV  (SCE).  Such  a dependence  on  temperature  is  not  in  agreement  with  the 
above  models.  It  is  interesting  to  note  that  there  exists  a temperature  at 
which  A and  A'  become  independent  of  potential.  The  temperatures  are 
441 °K  and  393° K for  A and  A'  respectively.  These  temperatures  are  not  far 
from  the  critical  values  found  for  a and  a'. 

One  can  explain  the  temperature  dependent  constants  in  equations  21  and 
22,  which  are  the  ordinate  intercepts  in  Figures  7,  8,  11,  and  12,  as 
resulting  from  the  potential  drop  across  the  film  being  temperature  dependent. 
However,  an  examination  of  the  intercepts  on  the  potential  axis  of  the 
1/B  vs.  <j>  curves  suggests  that  this  may  not  be  the  complete  explanation. 

These  are  the  potentials  at  which  field  dependent  growth  begins.  The  values 
of  the  intercepts  were  found  to  be  -498mV,  -403mV,  -660mV,  -103 7mV,  and 
-1743mV  for  0,20,  35,  50  and  80°C  respectively.  Similar  values  were  obtained 
for  the  1/B'  vs.  $ curves.  It  is  difficult  to  rationalize  the  low  values 
obtained  for  50°  and  80°  since  the  corrosion  potential  is  -770mV  and  independent 
of  temperature. 

The  constant  D was  found  to  have  a temperature  dependence  which  is 
consistent  with  the  Sato-Cohen  model  for  film  growth.  From  equation  12b 
and  the  least  squares  equation  for  the  curve  in  Figure  15,  it  was  found 
that  a SQ  * 14.8  cal/deg  mole  and  aHq  = 7.19  k cal/mole;  where  the  lattice 

o 

constant,  a,  has  been  assumed  to  be  2 A and  v to  be  3. 
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In  Figure  16  the  constant  C was  shown  to  be  proportional  to  the  applied 


potential  with  a temperature  dependent  slope,  m3,  in  accordance  with 
Sato-Cohen  model.  The  reciprocal  of  the  slopes  is  proportional  to  the 
temperature  and  related  to  the  enthalpy  and  entrophy  as  given  by  equation 
l.ib.  Figure  17  shows  that  l/m^  is  proportional  to  the  temperature.  The 
least  squares  line  is 

l/m3  = 0.181T  - 7.44  (23) 

The  signs  are  the  reverse  of  those  in  equation  13b;  further,  ignoring  the 

signs,  the  calculated  value  for  the  enthalphy  is  4310  k cal/mole  and  that  for 

the  enthrophy  is  104  k cal/mole,  which  are  unrealistic  numbers. 

The  activation  energies  have  been  determined  using  the  Mott-Cabrera  model 

and  are  shown  in  Table  4.  The  energy  W has  been  determined  from  the 

expression  given  by  Mott  and  Cabrera  for  the  limiting  thickness  X^; 

XL  = tfa'q/(W-39kT}  (24) 

-5  ° 

where  XL  is  the  film  thickness  when  the  growth  rate  is  10  A/sec.  This 

quantity  was  calculated  by  differentiating  the  expression  giving  the  film 

dx  -5  ° 

growth  as  a function  of  time  and  solving  for  X when  ^-  = 10  A/sec- 

The  other  quantities  in  this  expression  are  the  same  as  those  in  equation  1. 

The  values  of  W were  determined  for  each  temperature  using 

W = 1/p  + 39 kT  (25) 

where  p is  the  slope  of  the  X^  vs.  qaV  curve;  qaV  was  determined  from 
the  expression 

qaV  = kT/B  . (26) 

The  values  of  W,  given  in  Table  4,  are  approximately  the  same  as  those 
obtained  by  Kruger  and  Calvert  (1)  at  room  temperature. 


From  expression  24  there  exists  a temperature,  T , such  that 
39  Tc  = W (27) 

above  which  rapid  growth  will  occur.  Using  the  mean  value  of  W,  2 08,  eV, 

Tc  was  found  to  be  620°  K. 

The  activation  energy,  W , was  determined  using  (from  equation  4a) 

A‘  = qSV  ln  qaVu  = B’  1n  87  u (28) 

where 

u = uQ  exp  - (W/kT) ; (29) 

therefore,  W can  be  determined  from  the  slope  of  the  In  (u)  vs.  1/T  curve. 
The  value  of  W was  found  to  be  1.74  eV  for  900  mV  and  1.63  eV  for  300  mV. 

The  average  of  these  two  values  Is  1.68  eV  is  shown  in  Table  4. 

The  activation  energy,  0g,  was  also  calculated  using  Arrhenius  plots 
of  the  ellipsometric  film  thickness  after  one  hour  of  polarization  vs.  1/T. 
The  values  obtained  for  Qg  at  each  potential  have  been  plotted  against 
potential  in  Figure  19.  This  plot  illustrates  that  Qfi  and  decreases  linearly 
as  the  potential  is  increased  or 

Qe  = W -mV  (30) 

where  V is  the  potential  drop  across  the  film. 

Likewise,  an  activation  energy,  Q , can  be  determined  from  an  Arrhenius 

v 

plot  of  the  coulomblc  film  thickness  after  one  hour  of  polarization  vs.  1/T. 
This  was  done  for  700  mV  by  assuming  that  the  passive  film  was  Fe^Og  with  a 

3 

density  of  5 gm/cm  and  a roughness  factor  of  one.  The  coulombic  film  thick- 
ness vs.  1/T  is  shown  in  Figure  20.  A value  of  2500  cal/mole  was  obtained; 
whereas,  a value  of  500  cal  was  obtained  for  Qg  at  the  same  potential.  If  it 
is  assumed  that  the  difference  between  the  coulombic  film  thickness  and  the 
ellipsometric  film  thickness  is  due  to  film  dissolution,  then 


(31) 
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Table  4 The  jump  distances  a and  a',  the  activation  energies  W and  W 
of  the  Mott-Cabrera  and  the  modified  Mott-Cabrera  models. 


I 


Temperature 

°K 

a 

a'  in  A 

W in  eV 

W = 1.68  eV 

273 

7.2 

6.4 

2.16 

293 

8.9 

6.04 

2.11 

308 

6.6 

5.65 

1.84 

323 

4.3 

3.4 

1.80 

353 

3.3 

3.18 

2.50 
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Coulombic  Film  Thickness 
700  mV 


where  Qdjss  Is  the  activation  energy  for  film  dissolution.  This  gives  a 
value  of  2 k cal /mole  for  Qd^ss- 

In  essence  it  was  found  that  none  of  the  proposed  models  for  passive 
film  growth  are  completely  consistent  with  the  observed  temperature  and 
potential  effects.  The  time  independent  constants  A and  A*  of  the  two  expres- 
sions for  inverse  logarithmic  kinetics  are  inversely  proportional  to  potential 
in  accordance  with  equations  3a  and  4a;  however,  the  temperature  dependence 
is  not  in  accordance  with  these  equations.  The  constants  B and  B'  of  the  same 
kinetic  expressions  have  temperature  and  potential  dependences  which  are  consistent 
with  equations  3a  and  4a;  but  assumptions  have  to  be  made  in  explaining  the 
large  value  of  the  jump  distances  a and  a'  obtained  from  these  constants.  Also, 
the  values  obtained  for  the  potentials  corresponding  to  the  onset  of  field 
dependent  growth  are  difficult  to  rationalize.  The  effects  of  temperature  on 
D of  equation  6b  were  found  to  be  exactly  those  of  the  Sato-Cohen  model ; yet 
although  temperature  and  potential  of  dependences  C are  in  accordance  with 
the  Sato-Cohen  model  proportionally,  the  signs  in  the  functional  relationship 
are  not  correct  physically.  Thus  either  the  existing  models  do  not  postulate 
the  correct  mechanism,  or  they  are  in  need  of  modification. 
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